1 ICOS 1 T cells was decreased when ROS production was inhibited by N-acetyl-L-cysteine (NAC), a specific inhibitor which can decrease ROS production. In addition, we showed that the higher levels of tumour necrosis factor (TNF)-a and IL-1b in the co-culture system and the blocking of TNF receptor 2 (TNF-R2) and IL-1b receptor (IL-1bR) both decreased the numbers of CD4 1 CXCR5 1 ICOS 1 T cells. Our study reveals a novel mechanistic insight into how the interaction of RA-FLS and PBMC participates in the RA pathogenesis, and also provides support for the biologicals application for RA.
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Introduction
Rheumatoid arthritis (RA) is a chronic systemic disease characterized by symmetrical inflammation of synovium, leading to progressive destruction to articular cartilage and bone. The pathogenesis of RA is highly complicated, and still to be elucidated fully. Local fibroblast-like synoviocytes (FLS) contribute significantly to the perpetuation of RA, and they may even be involved in this disease's initiation [1] . Activation of FLS in the setting of RA leads to the production of a broad array of cell surface and soluble mediators that help to recruit, retain and activate immune cells and resident joint cells, leading to inflammation and tissue destruction [2] . The normal synovium consists of an inner lining with two or three layers of cells, which will be thickened in RA due in part to increased numbers of FLS. FLS have been described as activated and 'aggressive' cells which can aggravate the inflammatory processes directly. FLS contribute to local cartilage destruction and the process of synovial inflammation in RA by expressing high levels of disease-relevant cytokines, chemokines, adhesion molecules and matrix metalloproteinases (MMPs) [3] . Some proinflammatory cytokines, chemokines and growth factors can activate local FLS to produce some mediators such as interleukin (IL)-6, MMPs and prostanoids [4] . In addition, recent studies have shown that FLS are involved in the accumulation of infiltrating T and B cells by regulating their apoptotic response through cell-cell interaction or secreting soluble mediators [5] . We have demonstrated previously that tumour necrosis factor (TNF)-like protein 1A (TL1A) and IL-34 were capable of acting on FLS to increase the expression of IL-6, which expanded T helper type 17 (Th17) cells [6, 7] .
Circulating follicular helper T cells (Tfh) are recognized as a distinct CD4
1 helper T cell subset, which is specialized in supporting the activation, expansion and differentiation of B cells and required for the formation of germinal centres (GCs) [8] . Tfh are characterized by positive expressions of chemokine receptor (CXCR) 5, inducible co-stimulatory molecule (ICOS), programmed cell death protein (PD)-1 and the secretion of IL-21, along with decreased expression of CC-chemokine receptor (CCR) 7 [9] . B cell lymphoma (Bcl)-6 is identified as a Tfh master transcription factor that is necessary and sufficient for the development of Tfh in vivo [10] . Recent researchers have found that an increased number of Tfh was implicated in the progression of RA and accompanied by higher levels of serum IL-21 in RA patients [11] . We have shown previously that Tfh frequency was increased and associated with autoantibodies in RA patients [12] , and further experiments demonstrated that allogeneic mesenchymal stem cells (MSC) could suppress Tfh differentiation in RA patients, suggesting that Tfh could play an important role in the pathogenesis of RA [13] . However, whether RA-FLS can influence peripheral CD4
1 CXCR 1 ICOS 1 T cells in RA patients is still poorly understood.
In the present study, we showed that RA-FLS co-cultured with activated peripheral blood mononuclear cells (PBMC) could increase the numbers of peripheral CD4 1 CXCR5
1 ICOS 1 T cells, possibly via increased secretion of IL-6. We also observed that reactive oxygen species (ROS) levels in the co-culture system of RA-FLS and PBMC were upregulated. In addition, the percentage of CD4 1 CXCR5
1 ICOS 1 T cells was decreased when ROS generation was inhibited. Furthermore, we showed that higher levels of TNFa and IL-1b existed in the co-culture system, and the blocking of TNF receptor 2 (TNF-R2) and IL-1b receptor (IL1bR) could decrease the numbers of CD4
1
CXCR5
1 ICOS 1 T cells. These findings illustrated further the pathogenic roles of the interaction between RA-FLS and PBMC in RA.
Methods
Patients
Synovial tissues were collected from 10 RA patients (two male, eight female, average age 5 49Á16 6 11Á31 years) from the Department of Orthopedics, and the peripheral blood was obtained from 30 RA patients (six male, twentyfour female, average age 5 51Á09 6 7Á98 years) from the Department of Rheumatology and Immunology of the Second Affiliated Hospital of Dalian Medical University in China. All RA patients in this study fulfilled the American College of Rheumatology (ACR) 1987 revised criteria [14] . The study was approved by the ethics committee of the Dalian Medical University. All study subjects signed written informed consent before participating in the study.
Isolation and culture of FLS
The synovial tissues were obtained from RA patients undergoing total joint replacement surgery, as described previously [15] . The tissues were minced into small pieces and incubated with 4 mg/ml type I collagenase in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Carlsbad, CA, USA) for 4 h at 37 C in 5% CO 2 . The cells were collected by filtering the suspension through nylon mesh (70 lm), followed by extensive washing with phosphatebuffered saline (PBS). The cells were then centrifuged at 400 g for 6 min and collected in plastic cell culture dishes, cultured at 37 C in a humidified atmosphere containing 5% CO 2 in DMEM with 10% fetal bovine serum (FBS) (Gibco) and 100 U/ml 1% penicillin-streptomycin (Gibco). RA-FLS at the fourth to sixth passages were used for the study. ) were allowed to adhere to 24-well plates overnight. PBMC were separated from RA patients' blood by Ficoll-Hypaque density gradient (1Á077 g/ml) (Lymphoprep, TBD Science, Tianjin, China), according to the manufacturer's instructions, and then resuspended in RPMI-1640 medium (Gibco) with 10% FBS and 1% antibiotics. PBMC and FLS were co-cultured at ratios of 10 : 1 with stimulation of soluble 3 mg/ml anti-CD3 antibodies and 2 mg/ml anti-CD28 antibodies (eBioscience, San Diego, CA, USA). In a Transwell system, RA-FLS were cultivated in the lower chamber and PBMC were seeded into the Transwell membrane of the upper chamber with 0Á4 mm pore size (Corning, New York, NY, USA and RA-FLS were suspended in DMEM at a given concentration of 10 5 /ml and 150 ll of cell suspension was incubated in 5 lM DCFH-DA for 30 min in darkness. After being washed twice with PBS, mean fluorescence intensity was determined and analysed using a flow cytometer at an excitation wavelength of 488 nm and an emission wavelength of 538 nm. Cells were observed with a microscope (DM4000B, Leica, Wetzlar, Germany) at 3100 magnification.
Inhibitor used in the cell co-cultured system
The RA-FLS and stimulated PBMC co-culture system were treated with anti-IL-6R antibody (0Á5 lg/ml) (R&D Systems, Minneapolis, MN, USA) or anti-IL-12R antibody (0Á1 lg/ml) (R&D Systems, Minneapolis, MN, USA) for 72 h, supernatants were collected and the IL-21 level was assayed by enzyme-linked immunosorbent assay (ELISA). Total mRNA was extracted and the expression of IL-21 and Bcl-6 mRNA were tested by reverse transcription-polymerase chain reaction (RT-PCR). Additionally, the co-culture cells were incubated with anti-TNF-R2 antibody (0Á25 lg/ ml) (R&D Systems, Minneapolis, MN, USA) or anti-IL1bR antibody (0Á25 lg/ml) (R&D Systems, Minneapolis, MN, USA) for 72 h and the cells were collected to detect the level of intracellular ROS. The supernatants were collected for analysis of IL-6 and IL-21 levels by ELISA, and total mRNA was extracted for detecting the expression of IL-21 and Bcl-6 mRNA. For the inhibition of ROS experiments, RA-FLS co-cultured with PBMC were pretreated with 5 mM N-acetyl-L-cysteine (NAC, Sigma) for 72 h, the supernatants were collected to test IL-6 and IL-21 levels by ELISA and PBMC were acquired to detect the expression of IL-21 and Bcl-6 mRNA and the percentage of CD4 1 CXCR5
Flow cytometric analysis
Anti-CD3/CD28-stimulated PBMC from the co-cultured system were collected and washed three times in PBS and the cells were then resuspended in 100 ml PBS and incubated in the dark at room temperature for 60 min with the following monoclonal antibodies: fluorescein isothiocyanate (FITC)-conjlgated anti-CD4 (eBioscience), allophycocyanin (APC)-conjugated anti-CXCR5 (eBioscience) and PE-conjugated anti-ICOS (eBioscience). Isotype antibodies were used as negative control. After being washed twice in PBS, the samples were detected and analysed by flow cytometer.
RNA isolation and RT-PCR
Total mRNA was extracted from PBMC using RNAiso Plus (Takara Bio, Otsu, Japan), according to the manufacturer's instructions. Reverse transcription of 2 mg of total mRNA was performed using a Prime-ScriptTM first-strand cDNA Synthesis Kit (Takara Bio) amplified for 38 cycles. 
Human cytokine antibody array protein biochip
To analyse constitutive cytokine secretion in the co-culture system, RA-FLS were co-cultured with or without stimulated PBMC for 72 h. Supernatants were collected and the cytokines concentration was tested by human cytokine antibody array AAH-TH17-G1 (sensitivity: 1 pg/ml) (RayBio, Norcross, GA, USA), which induces 33 types of human cytokines in one experiment.
Statistics
The results were summarized as means 6 standard error of the mean (s.e.m.). Statistical significance was performed by paired t-test using GraphPad Prism version 5.0 (San Diego, CA, USA). A P-value < 0Á05 was considered statistically significant.
Results
RA-FLS co-cultured with activated PBMC increased the numbers of peripheral CD4
As FLS and T cells can be activated by each other in vitro and in vivo, the interactions between these cells may be a critical component of the RA pathological process [16] . This study was undertaken to investigate the effect of RA-FLS co-cultured with activated PBMC on peripheral CD4 compared to that in PBMC cultured alone (20Á13 6 1Á83%/21Á00 6 2Á13% versus 12Á07 6 1Á33%, P < 0Á001; Fig. 1a ), but there were no significant differences of CD4 1 CXCR5
1 ICOS 1 T cells in cell-cell contact or in the Transwell system (P 5 0Á342). However, the total number of CD4 1 T cells remained unchanged in the coculture system (11Á03 6 2Á37% versus 11Á56 6 1Á81%, P 5 0Á581; Supporting information, Fig. S1 ). Similarly, IL-21 levels (77Á18 6 7Á19/78Á12 6 8Á36 versus 67Á74 6 7Á71 pg/ml, P < 0Á05, Fig. 1b) , mRNA expression of IL-21 (P < 0Á001) and transcription factor Bcl-6 (P < 0Á001, Fig.  1c ) in the cell-cell contact and the Transwell systems were all increased, but there were no significant differences between the two co-culture systems (P > 0Á05). These data indicate that RA-FLS co-cultured with PBMC can upregulate peripheral CD4 
CXCR5
1 ICOS 1 T cells in the co-culture system of PBMC and RA-FLS, we collected the supernatants of the coculture system and detected the levels of cytokines using a protein biochip (Supporting information, Table S1 ). Among the cytokines between two groups, the levels of IL-6 and IL-12 associated with CD4 1 CXCR5 1 ICOS 1 T cells were significantly higher in the co-culture group (Fig. 2a) . Increased supernatant levels of IL-6 and IL-12 in the co-culture system were also confirmed by ELISA analysis (1260Á6 6 375Á47 versus 1925Á4 6 410Á67 pg/ml, P < 0Á01; 183Á83 6 59Á12 versus 265Á47 6 70Á75 pg/ml, P < 0Á05; Fig. 2b ).
To identify further the role of IL-6 and IL-12 in the course of CD4 1 CXCR5 1 ICOS 1 T cell generation, we added anti-IL-6R antibody or anti-IL-12R antibody to the co-culture system. We found that only anti-IL-6R antibody had antagonistic effects on peripheral CD4 1 CXCR5
1 ICOS 1 T cell generation and IL-21 levels in the supernatants as well as the mRNA expression of IL-21 and Bcl-6 (20Á31 6 1Á22% versus 15Á1% 6 1Á81%, P < 0Á001; 78Á70 6 4Á92 versus 68Á83 6 7Á30 pg/ml, P < 0Á01, P < 0Á05, P < 0Á01, respectively; Fig. 2c ). In contrast, when anti-IL-12R antibody was added to the co-culture system, we found that it had no contribution towards blocking the up-regulation of CD4 1 CXCR5
1 ICOS 1 T cells and IL-21 Anti-CD3/CD28-stimulated PBMC was cultured with or without RA-FLS for 72 h, and then 33 cytokine levels in supernatants were assayed by human cytokine antibody array AAH-TH17-G1; (b) IL-6 and IL-12 levels in co-cultured supernatants were detected by enzyme-linked immunosorbent assay (ELISA) (n 5 10); (c) after anti-IL-6R antibody was added into the co-culture system for 72 h, the percentage of CD4 levels as well as the mRNA expression of IL-21 and Bcl-6 (19Á61 6 1Á27% versus 18Á69 6 0Á93%, P 5 0Á082; 81Á82 6 6Á87 versus 80Á37 6 6Á80 pg/ml, P 5 0Á641, P 5 0Á201, P 5 0Á445, respectively; Fig. 2d Increased ROS production in co-cultured PBMC and RA-FLS caused higher IL-6 production ROS can be generated by many types of cells through normal cellular metabolism. However, excess production of intracellular ROS by various stimulations is the main cause of oxidative stress and has been implicated in the pathogenesis of RA [17, 18] . In this study, we found that co-cultured RA-FLS and PBMC showed a significant increase in ROS production compared to culture alone by flow cytometric analysis and cell staining (P < 0Á01, P < 0Á001, respectively; Fig. 3a,b) . It is well known that ROS can induce proinflammatory cytokines, such as IL-6 and IL-17 [19] . Hence, we were curious about whether increased ROS might promote the production of IL-6 in the co-culture system. We added NAC to the co-culture system, which can decrease ROS production. As expected, after the addition of NAC into co-cultured cells, IL-6 levels in the supernatants were clearly reduced (1773Á5 6 165Á18 versus 1147Á70 6 214Á93 pg/ml, P < 0Á001; Fig. 3c ). Meanwhile, CD4
cells in the co-culture system were markedly decreased (20Á14 6 1Á07% versus 13Á63 6 1Á39%, P < 0Á001; Fig.  3d ), along with the decrease of IL-21 level and mRNA expressions of IL-21 and Bcl-6 (82Á58 6 9Á08 versus 74Á69 6 6Á83 pg/ml, P < 0Á05, P < 0Á01, P < 0Á001, respectively; Fig. 3e ). The results show that increased ROS level in co-cultured cells resulted in the up-regulation of IL-6 levels, which promoted CD4
Antagonists of TNF-a and IL-1b down-regulated peripheral CD4
cells in the co-culture system
As TNF and IL-1 are the crucial mediators of the cellular response, which can enhance inflammation and bone destruction in various ways [20] . The TNF-a blocker is currently the standard treatment for patients with RA. Drugs mimicking IL-1 receptor antagonist, such as anakinra, binding competitively with high-affinity to IL-1 receptors, suppresses the action of this cytokine and reduces disease progression of RA [21] . Our above results show increased peripheral CD4 1 CXCR5 1 ICOS 1 T cells and higher levels of IL-6 and ROS in the co-culture system. We questioned whether cocultured cells can produce more TNF-a and IL-1b, the pivotal cytokines in RA. As shown by ELISA analysis in Figs 4a and 5a, supernatant levels of TNF-a and IL-1b were indeed raised dramatically (143Á03 6 21Á02 versus 179Á76 6 18Á17 versus 149Á58 6 27Á51 pg/ml, P < 0Á01, P < 0Á05, respectively; Fig. 4a ) (117Á32 6 11Á31 versus 172Á20 6 20Á45 versus 104Á47 6 20Á38 pg/ml, P < 0Á001, P < 0Á001, respectively; Fig. 5a ). Additionally, both anti-TNF-R2 and anti-IL-1bR antibodies could decrease ROS production in PBMC and RA-FLS (P < 0Á05; Figs 4b and 5b) (P < 0Á001; Figs 4c and 5c) and the levels of IL-6 (1632Á21 6 226Á71 versus 1165Á48 6 240Á20 pg/ml, P < 0Á05; Fig. 4d ) (1649Á86 6 260Á399 versus 1036Á94 6 162Á51 pg/ml, P < 0Á05; Fig. 5d ). Also, CD4 1 CXCR5 1 ICOS 1 T cell frequency and the levels of IL-21 as well as the mRNA expression of IL-21 and Bcl-6 were all decreased (22Á28 6 1Á30% versus 13Á41 6 1Á08%, P < 0Á001; 84Á07 6 6Á86 versus 76Á91 6 6Á85 pg/ml, P < 0Á001, P < 0Á001, P < 0Á01, respectively; Fig 4e) (22Á39 6 1Á40% versus 15Á14 6 1Á50%, P < 0Á001; 83Á41 6 8Á19 versus 76Á63 6 5Á13 pg/ml, P < 0Á001; P < 0Á001, P < 0Á01, respectively; Fig. 5e ). Nevertheless, the direct effect of anti-TNF-R2 or anti-IL-1bR antibody on the cells in the co-culture system need to be studied further. Our results indicate that antagonists of TNF-a and IL-1b could down-regulate CD4
which replenishes a novel mechanism for the treatment of TNF-a and IL-1b inhibitors in RA.
Discussion
In this study, we revealed that RA-FLS co-cultured with activated PBMC increased peripheral CD4 1 CXCR5 1 ICOS 1 T cell numbers in RA patients, which were caused mainly by higher levels of IL-6 in the co-culture system. In addition, we demonstrated further that increased ROS production in the co-cultured system resulted in the up-regulation of IL-6 levels, which increased peripheral
Finally, we showed that antagonists of TNF-a and IL-1b receptors down-regulated peripheral CD4 cells with the antibody production [22] . Human tonsillar Tfh express high levels of ICOS, CD40L and PD-1 and the transcription factor Bcl-6, and they also produce IL-21, a B cell helper cytokine [23] . Accumulated evidence has demonstrated that Tfh contribute to the development and progression of RA. First, Tfh were detected in the synovial tissue of RA patients, accompanied by a higher frequency of circulating Tfh [24] . Second, higher levels of IL-21 mRNA transcripts in RA PBMCs and higher levels of serum IL-21 were correlated positively with the 28-joint count disease activity scores (DAS28) and the levels of serum anti-CCP antibodies in RA patients [12] . T cells co-cultured with FLS in vitro adhere to FLS, upregulate activation markers, secrete cytokines and exhibit decreased apoptosis [25] . FLS, in turn, release more MMPs, make less collagen, increase co-stimulatory molecule expression and synthesize chemokines and cytokines. Here, we found that RA-FLS increased CD4
numbers when co-cultured with activated PBMC. As HLA-DR was not expressed on the FLS, the soluble factors may play an important role in increasing Tfh in the co-culture system. It is generally known that IL-6 is produced predominantly by FLS and macrophages [26] . As a key cytokine in the differentiation of some T cell subsets, including Th17 and Tfh [27, 28] , IL-6 can initiate Tfh through the upregulation of signal transducer and activator of transcription (STAT)-1 or STAT-3, depending on Bcl-6 expression [29] . IL-12 was identified originally as a factor which stimulates natural killer (NK) cell populations to produce IFNg [30] . More recently, IL-12 has been shown to play a prominent role in the positive regulation of Tfh development [31] . In vitro, The combination of IL-12 and transforming growth factor (TGF)-b drives the expression of Bcl-6, CXCR5 and several other canonical Tfh genes [32] . In our data, the higher levels of IL-6 and IL-12 existed in the PBMC and RA-FLS co-culture system. However, only anti-IL-6R antibody had antagonistic effects on peripheral CD4
1
CXCR5
1 ICOS 1 T cells. Our results put forward the assumption that increased IL-6 expression in the co-culture system may be a key factor in CD4 1 CXCR5
1 ICOS 1 T cell generation in RA patients. Alterations in tissue oxygen pressure contribute to a number of diseases, including RA. Low partial pressure of oxygen, a condition known as hypoxia, is a relevant feature in RA as it is involved in angiogenesis, inflammation, apoptosis, cartilage degradation, energy metabolism and oxidative damage [33] . The oxidative status has been found to be changed in the serum of RA patients and also in the brain, liver and vascular tissues of rats with experimental arthritis [34] . Macrophages and polymorphonuclear cells present at the synovitis site can promote the formation of ROS and subsequent the activation of inflammatory molecules, which are involved in the progression of RA [35] . Hypoxia is also associated with the differentiation of some immune cells, such as differentiation of Th0 towards Th17, an important T cell subset for the development of RA [36] . In our study, we found that increased ROS levels in cocultured cells resulted in the up-regulation of IL-6 production, which subsequently enhanced peripheral CD4
1
CXCR5
1 ICOS 1 T cells in RA patients. TNF-a and IL-1 have been reported to be able to affect arthritic joints and are correlated with RA activity [37] . For example, TNF-a stimulates bone destruction and induces osteoclastogenic differentiation [38] . TNF antagonists have been used widely to block the interaction of TNF with TNF-R1 or TNF-R2 in the clinical treatment of RA [39] . TNF blockade in RA patients resulted in lower levels of MMP-1 and MMP-3 and reduced serum levels of the proinflammatory cytokines IL-6 and IL-8 [40] . IL-1 is a well-established inflammatory mediator in RA, and the blockade of IL-1 resulted in sustained alleviation in RA disease severity [41] . In the present study, we have shown that the antagonists of TNF-a and IL-1b could down-regulate CD4
1
CXCR5
1 ICOS 1 T cell numbers via decreased ROS and IL-6 levels, which replenishes a novel mechanism for the treatment of TNF and IL-1 inhibitors in RA.
In this study, we found that there were higher ROS levels in the co-culture system of RA-FLS and anti-CD3/CD28-stimulated PBMC, which up-regulated IL-6 production and subsequently the numbers of CD4 
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